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R
ational design of nanoparticles has
become a prevalent trend requiring
an in-depth comprehension of the
chemical and physical characteristics of
their building blocks. Taking advantage of
the highly speciﬁc binding properties of
biomolecules, the combination of biotech-
nology and nanotechnology has led to the
development of hybrid nanobiomaterials.
Biological materials, in the form of DNA,
RNA, protein, and lipids, serve as models
for the self-recognition and self-assembly
of bionanoparticles.13 Peptides also play a
unique role in nanostructure design, owing
to their diversity, simplicity of synthesis, and
easeofmodifyingthemforavarietyoffunc-
tions. Understanding the self-assembly
mechanism of these biomaterials enables
us to design and engineer biomimetics on
a nanoscale. Extensive investigations have
been conducted and successful applica-
tions achieved with DNA,2,4 RNA,3,59 viral
proteins,1013 bacterial S-layer proteins,1416
peptides, and peptidomimetics.17
Bacteriophage phi29 is one of several
well-studied, small-tailed phages. It infects
Bacillus subtilis. This double-stranded DNA
virus utilizes a unique motor to package its
19.3 kb genome into a preformed pro-
capsid.18 The connector protein is an essen-
tial component in the phi29 DNA-
packaging motor. Its crystal structure, deter-
mined at high-resolution, is a 12-fold sym-
metric dodecamer that forms a truncated
cone with a length of 7.5 nm, a diameter of
13.8 nm at the wide end and 6.8 nm at the
narrow end, and contains a 3.6 nm central
pore for DNA translocation.19,20 A crystal
structure failed to reveal the N-terminal 13
amino acids because of their ﬂexibility in
structure. Inclusion of these 13 amino acid
at the N-terminus of each wild-type gp10
subunit results in about 7.8 nm in diameter
at the narrow end of the connector.12
Connector proteins of the bacterioph-
age phi29 can assemble into a rosette-like
particle after interaction with pRNA.12,21,22 In
this study, we report the construction of a
distinct globular nanoparticle assembled
from a re-engineered phi29 connector pro-
tein. The maximum diameter of the result-
ant nanoparticles is twice as large as the
maximum diameter of the connector
formed by native connector protein gp10,
in addition to having a vastly different qua-
ternary assembly. The structural transition
between the connector and the nanoparti-
cle can be easily controlled via the addition
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ABSTRACT A2430nmellipsoidnanoparticlecontaining84subunitsor7dodecamersofthere-engineered
coreproteinofthebacteriophagephi29DNApackagingmotorwasconstructed.Homogeneousnanoparticles
wereobtainedwithsimpleone-steppuriﬁcation.Electronmicroscopyandanalyticalultracentrifugationwere
employedtoelucidatethestructure,shape,size,andmechanismofassembly.Theformationofthisstructure
wasmediatedandstabilizedbyN-terminalpeptideextensions.Reversalofthe84-subunitellipsoidnanoparticle
toitsdodecamersubunitwascontrolledbythecleavageoftheextendedN-terminalpeptidewithaprotease.The
84outward-orientedC-terminiwereconjugatedwithastreptavidinbindingpeptidewhichcanbeusedforthe
incorporationofmarkers.Thisfurtherextendstheapplicationofthisnanoparticletopathogendetectionand
diseasediagnosisbysignalenhancement.
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nanoparticle, with a surface exposed tag for functional
conjugation with other molecules, has potential appli-
cations in nanotechnology.
RESULTS
AdditionoftheN-TerminalPeptideProducedaNovelGlobular
Nanoparticle. A 22-residue peptide was used to extend
the N-terminus of gp10 protein of the phi29 connec-
tor, resulting in a modiﬁed N-Strep connector. This pep-
tide included a Streptavidin binding peptide (WSH-
PQFEK, referred to as “Strep-II tag”)23,24 and a tobacco
etch virus (TEV) protease cleavage site (ENLYFQG) (Fig-
ure 1). The Strep-tag, which bound the streptavidin pro-
tein, facilitated one-step Strep-Tactin (IBA GmbH, Ger-
many) puriﬁcation of protein,25 while the TEV protease
cleavage-site enabled removal of the peptide when
necessary. The puriﬁed N-Strep connector particles, ﬁrst
examined by transmission electron microscopy (TEM)
(Figure 2A), revealed drastically different projections
than typically isolated wild-type connectors, which
form a dodecameric structure with a diameter of 7.8
nm at the narrow end12 and 13.8 nm at the wider
end19,20 (Figure 1). However, the nanoparticles formed
by the N-strep connector, which displayed an ellipsoid
shape (see section on imaging the N-strep nanoparti-
cles) were 30 nm (transverse, major axis) by 24 nm
(lengthwise, minor axis), displaying a 5- or 10-fold rota-
tional symmetry.
SwitchingbetweenConnectorandtheEllipsoidNanoparticle
byCleavingtheN-TerminalPeptidewithProteinase.The
N-Strep connector protein preferentially assembles
into ellipsoid nanoparticles within the cell during ex-
pression or within the crude lysate. These particles were
puriﬁed to homogeneity since they were fairly stable
under a range of salt concentrations, pH, and tempera-
ture. A TEV enzyme recognition site was inserted be-
tween the connector and the N-terminal extended pep-
tide to allow the added peptide to be removed by
protease treatment. Removal of the N-terminal pep-
tide by TEV protease resulted in the dissociation of the
ellipsoid particles into individual connectors, as re-
vealed by TEM imaging. Gradient sedimentation with
1535% glycerol further conﬁrmed the similarity in the
sedimentation rate of the TEV-processed particle and
individual connectors (Figure 3). The N-Strep connec-
tor primarily centered at fraction 9 of 29 total fractions
(Figure 3, dot line). However, removal of the N-terminus
tag via TEV cleavage caused the peak to shift to frac-
tion 25 where the wild-type dodecamer connectors can
be found (Figure 3, solid line with open circle). These re-
sults suggest that adding the 22-residue peptide to
the N-terminus of the connector contributes to the as-
sembly of particles that are different from individual
connectors in size, conformation, and mass, and subse-
quent removal of the N-terminus tag leads to dissocia-
tion of the nanoparticle.
MassandShapeAnalysisviaSedimentationVelocityby
AnalyticalUltracentrifugationRevealedNanoparticleswithSeven
Connectorsor84CopiesofMonomericgp10.Sedimentationve-
locity (SV) experiments can be used to estimate the mo-
lecular weight, partial concentration, and relative shape
of multiple solutes in a mixture of macromolecules.26 A
van HoldeWeischet analysis27 provides diffusion cor-
rected sedimentation distributions and can be used to
ascertain composition. Shape and molecular weight
(MW) are derived from the sedimentation (s) and diffu-
sion (D) coefﬁcients ﬁtted in the ﬁnite element solutions
of the Lamm equation28 implemented in the
2-dimensional spectrum analysis (2DSA) or genetic al-
gorithm (GA) analysis, and from the knowledge of the
partial speciﬁc volume. Shape is parametrized with the
frictional ratio, f/f0, a measurement of the globularity of
the solute. An f/f0 value of 1.0 refers to a spherical par-
ticle, while values larger than 2.5 generally indicate a
nonglobular, unfolded or extended, or chainlike mol-
ecule, such as DNA or ﬁbrils. Values between 1.21.4
are typical for moderately globular proteins. The par-
tial speciﬁc volume was estimated from the protein se-
quence to be 0.7265 cm3/g for both the N-Strep con-
nector and the C-strep connector. The C-strep
Figure 2. TEM micrographs of (A) C-strep connector and (B) N-strep
connector, ellipsoid nanoparticles. Bar  100 nm.
Figure 1. Illustration of the construct of N-Strep connector
with N-terminal extension in side view. Computer modeling
of the connector was presented in full sequence. The diam-
eter of about 7.8 nm at the narrow end illustrates the wild-
type connector that includes the 13 amino acid at the
N-terminus.12 The 22-residue extension on the N-terminus
was shown in magenta.
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single connector control. A van HoldeWeischet sedi-
mentation coefﬁcient distribution indicated that
N-Strep connectors are present as a mixture of three
predominant species: 78.00 S (42%), 15.04 S (38%) and
3.72 S (20%), while N-terminal unmodiﬁed proteins,
C-Strep connector, were homogeneous at 15.14 S
(100%) (Figure 4). To further investigate the identity of
the three peaks, a GAMC (genetic algorithmMonte
Carlo) analysis29,30 was performed. This analysis can re-
solve a mixture of solutes according to size and shape,
and provide partial concentrations for each species. Re-
sults are presented as plots of s vs f/f0. Partial concentra-
tion is measured in optical density units and is repre-
sented as a color gradient. The GAMC analysis for
C-Strep connector is shown in Figure 5, the same analy-
sis for N-Strep connector is shown in Figure 6. Conﬁ-
dence intervals for sedimentation and diffusion coefﬁ-
cients, frictional ratios, partial concentration, and
molecular weight of each species are summarized for
the N-Strep connectors in Table 1 and the C-Strep con-
nectors in Table 2. The MWs were consistent with mon-
omeric (protein gp10), 12-meric (connector), and 84-
meric (the ellipsoid nanoparticle) N-Strep connector.
The f/f0 values indicated an overall increase in globular
shape from a monomeric unit to an 84-mer. An f/f0
value of 1.1 (most globular) was determined for the 84-
mer (seven dodecameric connectors), an f/f0 value of
1.51 was determined for the dodecamer connector, and
an f/f0 value of 1.63 was determined for the mono-
meric protein gp10 subunit. The 12-mer dodecamer
connector structure for the N-terminal unmodiﬁed
nanoparticles, C-strep connector, was found to have
an f/f0 value of 1.38Osimilar to the frictional ratio ob-
tained for the 12-mer of N-Strep connectors. The data
agreed with the available information for the molecules
and assemblies: protein gp10 is a linear molecule
mainly composed of -helix; the connector is a trun-
cated cone shape structure with a 3.6 nm central chan-
nel, and the resulting nanoparticle has an ellipsoid
shape, which shows a more globular conformation (as
detailed in the next section).
Imaging the N-Strep Nanoparticles. It appears that most
nanoparticles formed by N-strep connector within the
data set exist as top-view only projections, since very
few 2-fold symmetric side views could be detected (Fig-
ure 2B). Particles were found to preferentially lie along
the major axis (transverse) as opposed to the minor axis
(lengthwise). This ﬁnding, that the majority of particles
displayed a size that corresponded to the major axis,
supports the conclusion of the ellipsoid conﬁguration
(Figure 7). Each circular projection contains 10 arms of
density that emanate radially outward from the par-
ticle center, suggesting the presence of a 10-fold sym-
metry axis. The length of each arm is approximately
equivalent, all measuring between 79 nm in length.
Additionally, nearly all of these projections contain a
central ring of density from which the 10 radial arms ex-
tend. Within this central ring is a density-void pore mea-
suring 34 nm in diameter, while the outermost diam-
eter of the ring measures between 1315 nm. The
reprojection of the density of a modeled connector ori-
ented perpendicular to its 12-fold axis measures 8
nm along its edge, similar to that of the nanoparticle ra-
dial extension length. Also, the reprojection of a con-
nector volume viewed down its 12-fold axis has a maxi-
mum diameter of 13.5 nm and a central pore measuring
3.5 nm in diameter. Both values match well with those
determined for the nanoparticle central ring density.
The projection image in Figure 7A has a measured
length of 30 nm and a height of 24 nm. The length of
this projection corresponds well to the maximum diam-
eter of the nanoparticle projection (Figure 7B), suggest-
ing that the view in Figure 7A corresponds to a projec-
Figure 3. The 1535% glycerol gradient sedimentation for C-strep
connectors and N-strep connectors.
Figure 4. van HoldeWeischet analysis of C-strep connector
(black) and N-Strep connector (blue). Integral distributions are
shown as ﬁlled circles, and the percent boundary fraction is rep-
resented on the left Y-axis. Differential distributions of the same
data are shown as solid lines, with relative concentration (unit-
less) shown in the right Y-axis. The C-strep connector is visible as
a homogeneous species, sedimenting with a value of 15.14 S
(100%), corresponding to a dodecamer of the connector. The
N-Strep connector sediments as 3 distinct major species, 84-mer
at 78.00 S (42.00%), 12-mer at 15.04 S (38.00%) and monomer
gp10 at 3.72 S (20.00%).
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measurements, it is likely that the apparent 10-fold ro-
tational symmetry of these projections arises from a cir-
cular array of ﬁve equatorial connectors arranged on
their sides, with their narrow end facing inward. Two
additional polar connectors, one above the equatorial
connector axis and one below, attach narrow-end-ﬁrst
to the large central pore created by the association of
the ﬁve equatorial connectors (Figure 7C). As seen from
top, this nanoparticle conﬁguration is expected to pos-
sess 5-fold rotational symmetry (although the view was
not discernible from a 10-fold symmetry due to a low
signal-to-noise ratio). Additionally, the side view projec-
tion of a nanoparticle (Figure 7A) reveals a horizontal
mirror axis which suggests the presence of two polar
connectors (one above and one below the equatorial
connector plane) (Figure 7C). This yields a side dimen-
sion of 24 nm and an equatorial diameter of 30 nm (Fig-
ure 7A,C). Moreover, the vertical mirror axis suggests a
view down the local 12-fold axis of an axial connector.
To further deﬁne the symmetry of the nanoparti-
cles, rotational averaging was applied to each projec-
tion image. Application of n-fold rotational
symmetryOn  2, 5, and 10Oto a single, well-resolved
nanoparticle top-view resulted in the images depicted
in Figure 7B. Although the imposition of rotational av-
eraging generated images that closely resemble their
parent projection, the image with imposed 5-fold rota-
tional symmetry most accurately matches the structural
interpretation of the nanoparticle described above.
The 10-fold symmetry of individual nanoparticles seen
within the data set most likely arises from the low
signal-to-noise levels present in TEM imaging, thus
causing the separation between individual equatorial
connectors to be more difﬁcult to resolve. The 2-fold ro-
tational averaging mimics the 10-fold-imposed situa-
tion by simulating the superposition of a 36° rotation,
inherently smearing the separation between neighbor-
ing connectors. The 2-fold symmetry was also applied
to the side-view projection (Figure 7A). Enhancing the
centralized equatorial connector hole and maintaining
the same dimensions and relative pixel intensity mea-
surements strongly support that a 2-fold symmetry (Fig-
ure 7A) is an accurate representation of the side-view
(10-fold symmetry) projection depicted in Figure 7B.
TABLE 1. Genetic AlgorithmMonte Carlo Results for Three Major Species in N-Strep Nanoparticles
species N-Strep,gp10(monomer) N-Strepconnector(12-mer) N-Strepellipsoidparticle(84-mer)
sedimentationcoefﬁcient(1013s) 2.46(2.45,2.47) 15.16(15.07,15.20) 78.11(77.95,78.31)
diffusioncoefﬁcient(107cm/sec2) 6.01(5.94,6.06) 2.74(2.66,2.77) 1.93(1.73,2.07)
frictionalratio 1.63(1.62,1.64) 1.51(1.49,1.53) 1.10(1.04,1.18)
molecularweight(kilodalton) 36.3(36.0,36.8) 493.8(485.4,503.7) 3590 (3329,3985)
molecularweight(theor.)(kilodalton) 38.6 463.3 3243
partialconcentration(opticaldensity,230nm) 0.294(0.293,0.295) 0.489(0.479,0.496) 0.586(0.572,0.603)
Figure 5. Genetic algorithmMonte Carlo analysis: Fric-
tional ratio vs sedimentation coefﬁcient for C-strep connec-
tor. This plot shows the globularity (as parametrized by the
frictional ratio, see text) plotted against sedimentation coef-
ﬁcient. The relative concentration of each species is shown
in a color gradient ranging from white (zero concentration)
to black (1.43 optical density units) measured at 230 nm.
Onlyonemajorspeciesisapparent(thesecondandthirdun-
labeled species are negligible contaminants).
Figure 6. Genetic algorithmMonte Carlo analysis: Fric-
tional ratio vs sedimentation coefﬁcient for N-strep connec-
tor. This plot shows the globularity (as parametrized by the
frictional ratio, see text) plotted against sedimentation coef-
ﬁcient. The relative concentration of each species is shown
in a color gradient ranging from white (zero concentration)
to black (0.7 optical density units) measured at 230 nm.
Three major species are apparent (the fourth, unlabeled spe-
cies is a negligible contaminant). Molecules become increas-
ingly globular when oligomerizing from monomer to 84-
mer via 12-mer.
TABLE 2. Genetic AlgorithmMonte Carlo Results for
Single Component in C-Strep Nanoparticles
species N-terminalunmodiﬁedconnector(12-mer)
sedimentationcoefﬁcient(1013s) 14.61(14.60,14.62)
diffusioncoefﬁcient(107cm/sec2) 3.13(3.11,3.18)
frictionalratio 1.38(1.38,1.40)
molecularweight(kilodalton) 413.5(408.5,415.9)
molecularweight(theor.)(kilodalton) 447.5
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FormationoftheEllipsoidNanoparticle.Thedatadescribed
above suggests that the ellipsoid nanoparticle contains
seven connectors that comprise a total of 84 gp10 mol-
ecules whose C-termini protrude from the nanoparti-
cles. That is, the surface of the ellipsoid particle dis-
played 84 carboxyl groups. If these groups were used
for conjugation, each particle would hold up to 84
markers, thus signiﬁcantly enhancing the detection sig-
nals. However, it is important that the protein is able
to refold to its original structure after modiﬁcation, for
example,theadditionofapeptidetotheC-terminus.To
determine the possibility of C-terminal conjugation, a
tag that binds streptavidin was fused to the C-terminus
of each gp10 subunit (termed ‘C-Strep’). Our results, de-
rived from TEM imaging and glycerol gradient sedimen-
tation (Figure 2 and 3), demonstrated that the addition
of the Strep-tag to the C-terminus of the connector pro-
teins neither interfered with connector assembly nor
hindered the formation of the ellipsoid nanoparticle,
which suggests that adding biomarkers or ﬂuorescent
markers to the surface of the nanoparticle is feasible.
However, without the N-terminal extension, the C ter-
minal extension alone did not lead to the formation of
the ellipsoid particles.
DISCUSSION
In this study, we found that adding an N-terminal ex-
tended tag to the connector promotes the assembly of
new ellipsoid nanoparticles that differ in size, shape, and
geometry from the original cone-shaped connector. Glyc-
erol gradient sedimentations, TEM, and analytical ultra-
centrifugation revealed that the new structure is com-
posed of seven connectors, or 84 gp10 proteins. The
connectors are arranged with the narrow N-terminus ori-
ented toward the center of the particle and the wider
C-terminus exposed at the surface. Removing the
N-terminal extended tag reversibly converted the ellip-
soid nanoparticle structures back into individual connec-
tors. Although more studies are needed to determine the
speciﬁc requirement of peptide sequence and length to
facilitate nanoparticle formation, it is inferred that the col-
Figure 7. Structure and stoichiometry of ellipsoid nanoparticles from rotational symmetry analysis of TEM salt-embedded sample: (A)
side-view of a single nanoparticle from stain-embedding preparations with both orthogonal 2-fold symmetry elements evident; (B) im-
position of n-fold rotaional symmetry, with n  2, 5, and 10 (C2,C 5 and C10) onto a single ellipsoid nanoparticle projection. The 5-fold and
10-fold imposed images closely mimic their parent. However, the 5-fold imposition reveals clear separation between pairs of radial den-
sities which are apparent in the original raw image. (C) Based on the dimension and symmetry assessment, the cartoon representation
of an ellipsoid nanoparticle rotated in different view. (D, E) Computer modeling of the ellipsoid nanoparticle in different rotation.
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sions alone, account for the assembly of globular par-
ticles. It has been reported in previous studies that native
connectors were able to form the nanoparticle structure
in the presence of phi29 procapsid pRNA.12,21,22 What is
thedrivingforcethatpromotestheassemblyofthenano-
particles? We believe that both electrostatic and aro-
matic interactions between the N-terminal extended se-
quences are responsible for this structural transition. The
amino acids in the peptide tag are predominantly acidic
or basic, and contain aromatic amino acids.3134 Since the
N-terminus of the connector is located at the narrow
end of the portal vertex, chargecharge and aromatic in-
teractions favor the formation of a compact particle. For-
mation of particles with 84 amendable, surface-exposed
C-termini offers signiﬁcant potential for the ampliﬁcation
of signals or markers for pathogen detection and the di-
agnosis of diseases.
MATERIALS AND METHODS
ConstructionofPlasmidCodingforRe-engineeredgp10-Proteins.Two
mutant connectors, N-Strep connector and C-strep connector,
have been constructed following the method described before.12
The corresponding plasmids were constructed by inserting the
modiﬁed gp10 gene into the Nde IXho I sites of the plasmid
vector pET-21a()35 (EMB Biosciences, Madison, WI). PCR was
used to amplify the gp10 gene from the phi29 genomic DNA-
gp3. For plasmid pGp10-NStrep, the Strep-II tag was incorpo-
rated to the N-terminus of the gp10 by using the primer pair
P1/P2 (Table 3). The plasmid pGp10-CStrep was constructed by
a two-step PCR (Table 3). The ﬁrst PCR, which produced a 5-Gly-
linker from the primer pair P3/P4, served as the template for the
second PCR and a Strep-II tag was added to the C-terminus by
P3/P5 primer pairs. The resulting plasmids, pGp-NStrep and
pGp10-CStrep, were conﬁrmed with restriction mapping and
sequencing.
ExpressionandPuriﬁcationofConnectorsandNanoparticles.Theplas-
mids pGp10-NStrep and pGp10-CStrep were transformed into
the E. coli strain HMS174 (DE3). LuriaBertani (LB) medium con-
taining 100 g/mL ampicillin and induction with 0.5 mM IPTG
were employed for cell growth and protein expression as previ-
ously described.36
Puriﬁcation of N-Strep connector and C-strep connector
was conducted with one step afﬁnity chromatography by Strep-
Tactin(IBA,GmbH,Germany).25Collectedcellswereresuspended
with Buffer W (100 mM Tris-HCl, pH 8.0, 500 mM NaCl, 1 mM
EDTA, 15% glycerol,) and 1020 column volume (CV) of the clari-
ﬁed lysate was loaded to Strep-Tactin Sepharose resin. After
washing the column with Buffer W, Buffer E (15% glycerol, 500
mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin, 100 mM Tris-HCl,
pH 8.0) was used to elute the protein from the column.
RemovalofN-TerminalPeptidesbyProteinaseTEVCleavage.Cleavage
of the N-terminal extensions of the N-strep connector by to-
bacco etch virus (TEV) protease was achieved by incubating His-
TEV with the desired protein at a mass ratio of 1:20 in a solu-
tion containing 1 mM DTT. Conﬁrmation of tag removal was
conducted by examining samples on 10% SDS-PAGE and
1535% glycerol gradient sedimentation.
1535%GlycerolGradientSedimentation.Gradientsedimentation
with 1535% glycerol was used to separate the ellipsoid nano-
particles from free connectors. Fractions were collected from the
bottom of the sedimentation gradient; particles with higher
MW were present in the earliest fractions. After analyzing the
samples by SDS-PAGE and silver-staining, the distribution of pro-
teins in each fraction was plotted.
Electron Microscopy Imaging. Copper grids were coated with 400-
mesh Formvar and carbon, and the glow was discharged prior
to use. Puriﬁed protein samples were dialyzed and diluted, when
necessary, before negative staining with 2% uranyl acetate. The
samples were imaged with a Philips CM-100 TEM operating at 80
kV. CCD readout magniﬁcations were either 39000 or 52000
for ellipsoid nanoparticles or connector particles, respectively.
For the projection image analysis, images were collected on a
JEOL-JEM2100 at 200 kV. Particles were embedded with 16% am-
monium molybdate to prevent drying distortions. Micrographs
were then screened to avoid image exhibiting astigmatism, drift,
or charging in the analysis.
Analytical Ultracentrifugation (AUC) to Determine the Sedimentation
CoefﬁcientAsWellAstheShapesandSizesoftheParticles.Puriﬁedpro-
teins, C-strep connectors, and N-Strep connectors were studied
by sedimentation velocity (SV) experiments performed in a Beck-
man XLA (Center for Analytical Ultracentrifugation of Macromo-
lecular Assemblies, CAUMA, University of Texas Health Science at
San Antonio, UTHSCSA) using absorbance optics measured at
230 nm (N-Strep connector: 0.70 OD, C-strep connector: 1.43
OD). The experiments were performed at 20 °C in 2-channel
Epon centerpieces at 20k rpm in an AN60 TI rotor using a buffer
containing 100 mM Tris, 500 mM NaCl, and 1 mM EDTA. All data
were analyzed with the UltraScan software.26,37 Finite element
simulations of the Lamm equation28 were performed according
to methods described by Cao and Demeler.38 Hydrodynamic cor-
rections were made on the basis of the known buffer composi-
tion, while partial speciﬁc volume was estimated on the basis of
the peptide sequence,39 as implemented in UltraScan. All SV data
were processed as follows: a preliminary van HoldeWeischet
analysis was used to obtain a model-independent and diffusion-
corrected range for the sedimentation coefﬁcients of each
sample;27 the value of the range was used to initialize a
2-dimensional spectrum analysis (2DSA).40 Simultaneously, all
systematic noise was removed from this data.41 All subsequent
analyses were performed on modiﬁed data sets that had all time-
invariant contributions subtracted. After subtraction of time-
invariant noise, the van HoldeWeischet analysis was repeated
using the reﬁned data (see Figure 4 for a combined integral dis-
tribution plot). Afterward, 1.5% of the boundary values were ex-
cluded from the top and the bottom of the boundary to elimi-
nate potential stochastic noise contributions. Further reﬁnement
of the time-invariant noise corrected data was achieved by per-
forming a 2DSA Monte Carlo (MC) analysis with 50 iterations. This
method attenuates stochastic noise contributions to the solu-
tion by enhancing the intrinsic signal through signal ampliﬁca-
tion.30 The resulting data were used to initialize the genetic algo-
TABLE 3. Primer Sequence for the Construction of gp10 Vectors
locationofextension primer primersequence(5=3=)
N-terminus P1 CGTAACCTGCATATGTGGAGCCACCCGCAGTTCGAAAAGGATTATGATATCCCTACGAC
P2 CTAGCTATCTCGAGCTACTACTCATTTGTTTCACCGTCC
C-terminus P3 CGCAGCTGGCATATGGCACGTAAACGCAGTAAC
P4 GGATGACTCCAACCTCCTCCACCACCTCCCTCATTTGTTTCACCGT
P5 ATAATGTTCTCGAGCTACTTTTCGAACTGCGGATGACTCCAACCTC
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regularization, satisfying Occam’s razor (a process that will ﬁnd
the most parsimonious solution, i.e., a solution with the fewest
parameters that still produce the lowest possible residual mean
square deviation in the data ﬁt).29 AG A MC analysis of the par-
simonious solution was used to obtain conﬁdence intervals for
molecular weight, frictional ratio, sedimentation and diffusion
coefﬁcients, and partial concentration. All computations were
performed on the TIGRE cluster at the Bioinformatics Core Facil-
ity at UTHSCSA and the Texas Advanced Computing Center at
the University of Texas in Austin (TACC).
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